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Chapter 1: Introduction
Porous silicon, since initial demonstration of room temperature photolumines-
cence in 1990 [1], been attracting attention because of its unique optical, electrical
and thermal properties compared to crystalline silicon. It is an interesting mate-
rial comprised of nanoscale pores in crystalline silicon, which is typically formed
by electrochemical etching in hydrofluoric acid electrolyte. Its porosity and pore
size depends on etching current density and doping concentration of substrate sil-
icon wafer. It exhibits many physical properties that are quite different from its
crystalline counterpart, including linear & nonlinear optical properties, electrical
properties, thermal properties and anisotropy.
1.1 Porous waveguide sensor
Like crystalline silicon from which it is formed, porous silicon can be used as
an optical material that is transparent at infrared wavelengths. Because the pore
size is smaller than the optical wavelength, it behaves as an effective dielectric with
optical properties between those of silicon and air or material inside of the pores.
Porous silicon is also a favorable optical material in terms of fabrication. Because
the porosity can be easily controlled by the etching process, it is easy to achieve
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Figure 1.1: SEM micrograph of porous silicon. Left: top down view, Right: cross
sectional view
single layer with desired refractive index or multiple layers with different index,
which is great advantage for fabricating waveguides or multilayer optical structures
such as Bragg reflectors or resonant cavities [2, 3].
Porous silicon is a excellent platform for chemical or biological sensor. Its
extremely high surface area to volume ratio (over 500 cm−1) enables concentrating
nano scale substance in small volume, therefore makes it easier to be detected. The
pore surface can be functionalized to selectively bind a substance to be detected
such as DNA, proteins and viruses [4, 5]. Combined with previously mentioned
optical properties, porous silicon is able to serve as an optical sensor material. Sev-
eral porous silicon sensor designs have been proposed and demonstrated. Many prior
devices rely on observation of the reflection interference spectrum from porous struc-
tures, including single layers [6, 7], Bragg mirrors [8, 9] or resonant cavities [10–14].
Transmission measurements have also been achieved by measuring the change in
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birefringence when a free-standing porous substrate is filled with a solvent or ana-
lyte [15, 16]. All of these devices that utilize an optical path that is perpendicular
to porous silicon substrate, and therefore inherently suffer from limited sensitivity
because of the short interaction length. Furthermore, many of them require a rel-
atively wide-range tunable laser or broadband light source to detect shifts in the
spectral interference pattern.
A solution to this issue is to employ a waveguide structure that confines light
in two dimensions and guides parallel to substrate. This design allows for relatively
long interaction length by simply extending the length of sensing area. We proposed
and successfully demonstrated this device with improved sensitivity compared to
previous studies. [17]
1.2 Thermal conductivity
Porous silicon also exhibits thermal properties that are different from crys-
talline silicon. While crystalline silicon is a good thermal conductor ( 150 Wm−1K−1)
[18, 19], thermal conductivity of porous silicon is much lower than crystalline sili-
con and also tunable by controlling the porosity. Studies have been conducted
to measure the thermal conductivity of porous silicon using several different meth-
ods including electrical AC heating (3-ω method)Gesele1997, photo-acoustic [20,21],
micro-Raman [22–24] and scanning thermal microscopy [25]. Prior studies show that
thermal conductivity of porous silicon can be as low as 0.2 Wm−1K−1 [26] which is
3 orders of magnitude smaller than bulk silicon. We used the 3-ω method [27–29]
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to measure thermal conductivity of porous silicon of several different parameters
and confirmed that the values are comparable to previous studies. Because it ex-
hibits such a low thermal conductivity, porous silicon could be used for applications
that require thermal isolation, including bolometer, micro heater and thermo op-
tic modulators. The ability being able to build an insulation structure with same
material as silicon substrate is especially important for devices that must operate
in extremely high or low temperature environment. Traditional thermal insulation
materials that have a coefficient of thermal expansion (CTE) different form that of
silicon can cause layers to be peel or de-laminate when the device is cooled or heated
because of the different expansion ratio. Porous silicon is advantageous in this as-
pect because it is not only same material but also maintains the same crystalline
structure as the substrate, therefore almost eliminates possibility such mechanical
stress failure related to the CTE mismatch.
One application that specifically requires control and engineering of the ther-
mal isolation is in infrared bolometers [30,31]. The detection speed and sensitivity of
bolometer are critically dependent on the device’s thermal design. Because they are
often operated in cooled environment, having insulation material with same CTE
as substrate is also important. The most sensitive bolometers often employ sus-
pended thin film design for thermal isolation, therefore in-plane directional thermal
conductivity of material is an important factor. Also, crosstalk between adjacent
pixels in microbolometer arrays is limited by in-plane conduction. Porous silicon
is expected to be thermally anisotropic because, unlike isotropic materials, porous
silicon has directional, columnar microscopic structure (c.f. Fig. 1.1 (b)). To date,
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the in-plane thermal conductivity of porous silicon has not been studied. In-plane
thermal conductivity can ideally be measured with suspended thin film, however it
is very challenging to fabricate suspended thin porous silicon film. We describe in
Chapter 4, a variable line-width 3-ω measurement that measures in-plane component
indirectly.
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Chapter 2: Integrated Mach-Zehnder interferometer waveguide
sensor
Optical sensors are attracting attention for a variety of applications including
medical diagnostics, environmental monitoring, security and manufacturing. The
ability to remotely probe, sense, diagnose or measure a target analyte through opti-
cal means is particularly important in applications that are otherwise not amenable
to or accessible by electrical means. Waveguide-based optical sensing systems are
more appealing than those based on bulk measurements because they offer the pos-
sibility for miniaturization, integration and parallelization.
Many optical waveguide sensors rely on a small refractive index change that
occurs when a target analyte binds to or otherwise interacts with an optical surface.
One of the most studied refractive index sensor designs is the solid core evanescent
wave sensor, which relies on the small overlap between the evanescent tail of an
optical mode with a surface-bound analyte [32–35] – typically a weak effect that
requires a long interaction length to produce a measurable signal. Moreover, expos-
ing the evanescent tail of the mode can make an optical waveguide susceptible to
macroscopic particles and other unwanted contaminants (in addition to the analyte)
that impair the function of the sensor. More recently, microfluidic waveguide sensors
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have been introduced to overcome limitations of evanescent wave sensors [36, 37],
however the need for microfluidic circulation can complicate the device operation
and poses a challenge for miniaturization.
Nanoporous silicon offers a unique solution to the above-mentioned challenges,
by providing a material with large surface area to volume ratio that is ideal for cap-
turing and concentrating a target analyte into a small volume. Provided the pore fea-
ture size is smaller than the optical wavelength, the resulting material behaves as an
effective dielectric with optical properties that depend on the infiltrating substance.
In comparison to evanescent sensors, the proposed device allows far greater overlap
between the optical mode and the material to be sensed, thus enabling sensitive
detection in a compact device, with a small analyte volume. The nanoscale porous
structure prohibits fouling of the detector by larger particles. As we demonstrate
here, the on-chip integration in a Mach-Zehnder interferometer (MZI) structure per-
mits interferometric measurement while avoiding the problems of phase instability
that plague free-space or fiber-based interferometers.
Several porous silicon sensor designs have been proposed and demonstrated.
Many prior devices rely on observation of the reflection interference spectrum from
porous structures, including single layers [6, 7], Bragg mirrors [8, 9] or resonant
cavities [10–14]. Transmission measurements have also been achieved by measuring
the change in birefringence when a free-standing porous substrate is filled with a
solvent or analyte [15, 16]. All of these devices that utilize an optical path that
is perpendicular to porous silicon substrate, and therefore inherently suffer from




























Figure 2.1: Fabrication process used to produce integrated porous silicon waveg-
uides. (a) A three-layer planar waveguide is formed by electrochemical etching of
crystalline silicon. (b) Two parallel lines are inscribed using direct-write laser ox-
idation, to form the left and right boundaries of the optical waveguide. (c) The
oxidized regions are removed in a solution of dilute HF. (d) A planarizing poly-
mer layer (CYTOP) is spin-coated over the structure. (e) The sensing window is
photolithographically defined, and (f) reactive ion etching is used to expose the
underlying porous silicon waveguide.
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require a relatively wide-range tunable laser or broadband light source to detect
shifts in the spectral pattern - a direct consequence of the large free-spectral range
of thin dielectric films.
A solution to this issue is to employ a waveguide structure that confines light
in two dimensions and guides parallel to substrate. This design allows relatively
long interaction length by simply extending the length of sensing area. Vertical
confinement of light in porous silicon can be easily achieved by controlling the etch-
ing current during fabrication, thus introducing high index guiding layer in between
lower index cladding layers. Several recent studies used this multi layer core and
cladding structure as a planar waveguide with coupling structures to increase sen-
sitivity [38–42]. However waveguides that confine light in two dimensions require
some transverse confinement structure in addition to a planar dielectric stack. Tech-
niques to incorporate transverse confinement include lithographic patterning and dry
etching of multi layers [43], masking of the crystalline silicon substrate prior to elec-
trochemical etching [44–46], and direct laser oxidation of the surrounding regions,
as we use here [47,48].
Here we describe the fabrication and characterization of a single-mode porous
silicon integrated MZI waveguide, with a polymer passivation layer used to restrict
the analyte to a prescribed active sensing region. The device is fabricated using
direct-write laser oxidation of a planar porous multilayer substrate, to produce a
fully-confined optical waveguide. The functionality of the sensor is demonstrated
using isopropyl alcohol as a test analyte, which is shown to produce a large, measur-
able phase shift, even when the exposed region is confined to be only 200 µm. We
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compare the performance of the integrated MZI to a comparable fiber-based MZI,
and show greatly improved stability.
2.1 Fabrication
2.1.1 Slab waveguide Fabrication
Figure 2.2 describes electrochemical etching cell used for fabricating porous
silicon slab waveguide. The porous waveguide was fabricated by electrochemical
etching of a p-doped (1-5 mΩ cm, N ≈ 1019 - 1020 cm−3) 〈100〉 crystalline silicon
substrate in a 25% hydrofluoric acid solution (hydrofluoric acid, water, ethanol
1:1:2 by volume). A three-layer buried-core slab waveguide was formed by applying
current density of 98.4 mA/cm2 for the core layer and 121.5 mA/cm2 for top and
bottom cladding layers, thereby introducing a 1.9 µm-thick intermediate core layer
with refractive index of 1.72 between 1.0 µm top and 3.5 µm bottom cladding layers
with refractive index of 1.67. The layer profile was chosen to minimize loss and
ensure single mode operation in vertical direction. The etch rate was 60.4 nm/sec
and 69.6 nm/sec for the core and cladding, respectively, and the etching durations
were adjusted to achieve the desired thickness.
The etch rates and refractive indices were calibrated by performing optical re-
flectance and profilometry measurements on separately-fabricated single-layer sam-
ples as shown in figure 2.3. We fabricated 9 porous samples with current density
ranging form 90 to 210 mA/cm2 and etching time of 400 second. The reflectance
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Figure 2.3: (a) Optical reflectance measurement and (b) profilometry measurement



































Figure 2.4: Refractive index vs. current density (left) and etch rate vs. current
density (right) calibration result
sured using a tunable 1.55 µm laser, and the etch depth was subsequently measured
by profilometry, after selectively removing the porous layer in a solution of sodium
hydroxide (NaOH). The refractive indices and etch rate were then calculated from
the period of the fringes observed in reflectance and depth measured from profilom-











where n is refractive index, λ1 and λ2 are adjacent minima wavelengths from re-
flectance measurement, d is depth from profilometry measurement and t is the
etching time of the sample. Figure 2.4shows refractive index vs. current density
(left) and etch rate vs. current density (right) calcualted from equation 2.1and 2.2.
Within calibrated current density range, both refractive index and etch rate vary
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Figure 2.5: (a) Schematic of integrated MZI waveguide. (b) Cross-sectional scanning
electron micrograph (SEM) of a single waveguide. (c) Optical micrograph of Y-
branch. (d) Optical micrograph showing selectively exposed sensing window in one
arm of the interferometer.
2.1.2 Channel waveguide
The slab waveguide only confines light in the vertical dimension. Lateral light
confinement structure is necessary to make fully integrated waveguide devices such
as slitters and interferometers. This structure was fabricated by selectively oxidiz-
ing porous silicon by focused laser beam. The scanning laser oxidation system is
shown in figure 2.6. The resulting slab waveguide was placed on a programmable
XY translation stage, and a 532 nm continuous-wave (CW) laser with power of 25
mW was focused onto the surface through a 40×, 0.66 NA microscope objective,
while the substrate was scanned at a speed of 0.4 mm/s. The focused spot diam-


















532 nm, 25 mW
CW laser
Figure 2.6: Scanning laser oxidation system
porous layer, which produces a localized region of oxidized porous silicon, which
was later selectively removed using a dilute solution of hydrofluoric acid. The re-
sulting structure was partially oxidized in a rapid thermal annealing (RTA) furnace
at 400◦C for 5 min. in order to passivate the silicon surface. Figure 2.5(b) shows the
cross-sectional micrograph of a completed single-mode optical waveguide formed by
inscribing two such parallel lines.
Lasers with three different wavelengths were tested to optimize the fabrication
process. Cross-sectional views of oxidized channels by 473 nm, 532 nm and 980 nm
lasers are shown in figure 2.7. 532 nm laser was chosen because the wavelength
provides oxidation speed and depth required for fabrication process. Compared to
532 nm, 473 nm and 980 nm have disadvantages of shallow oxidation depth and
slow oxidation speed, respectively.
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Figure 2.7: SEM micrographs of cross sectional view of grooves fabricated by (a)
473 nm, (b) 532 nm and (c) 980 nm.
2.1.3 Planarization and window etching
In order to controllably introduce the analyte to the sensor, the entire device
surface should be covered except for a prescribed sensing area. Cytop polymer was
used as a cover layer on top of device. Cytop (Asahi Glass Co.) is an optically
transparent fluoropolymer with relatively low refractive index (n = 1.3) compared
to other transparent polymer such as benzo cyclo butene (n = 1.54). The cover
layer with smaller refractive index compared to porous silicon layers is important in
order not to disrupt the waveguide propagation mode. Following fabrication of the
waveguides, a low-index, 0.8 µm-thick Cytop layer was spin-coated onto the waveg-
uide and cured, followed by a 1.5 µm-thick photoresist imaging layer. Immediately
prior to spin-coating the photoresist, the Cytop layer was briefly exposed for 15 sec-
onds in an oxygen plasma etcher, followed by application of hexamethyldisilazane
(HMDS). Both steps were found to be effective in ensuring adequate adhesion of
the photoresist layer. The photoresist was patterned using the same scanning laser
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lithography system described above, with a 10×, 0.25 NA microscope objective and
473 nm, 0.5 mW laser to selectively expose a 200 µm long region above the sens-
ing arm of the interferometer. Following development, the underlying polymer was
removed through reactive ion etching in an oxygen plasma, revealing the porous
waveguide underneath. Note that porous silicon is easily dissolved by alkaline so-
lutions including resist developers. An additional protection layer, Cytop in this
case, is necessary for photolithography process of porous silicon. After lithographic
processing, the device was cleaved to allow edge-coupling at the input and output
facets. Figure 2.5(c)-(d) presents top-down optical micrographs of the Y-branch
waveguide and the 200 µm exposed sensor region.
2.2 Characterization
2.2.1 Single mode operation
In order to ensure a stable and equal power splitting ratio for the Y-branches
that comprise the MZI, it is essential that waveguides support only a single optical
mode. In order to confirm that the waveguide is singlemode, we used an infrared
camera to monitor both the power and mode shape emerging from the output of
a simple Y-branch waveguide. Figure 2.8 illustrates experimental setup for mode
observation from waveguide’s output facet. A 1550 nm laser was coupled into single-
branch facet through a lensed fiber and the emerging beams from the double-branch
facet was focused on a phosphor-coated CCD camera through a 20× objective. The










Figure 2.8: Experimental setup for observing optical modes from the output facet
while moving the lensed fiber position on input facet. When the waveguide width was
smaller than 10.4 µm, the light was equally split between the two output waveguides,
as shown in Fig. 2.9(a), even when the position of the input lensed fiber was adjusted,
indicating that the waveguide is singlemode under these conditions. Conversely, for
waveguides wider than 10.4 µm, the splitting ratio was observed to depend on the
input coupling conditions indicating multimode behavior (Fig. 2.9(b)). Further
measurements conducted on straight waveguides show that the output mode shape
is independent of fiber position for the single-mode case (Fig. 2.9(c)), but depends
strongly on the fiber position in the multimode case (Fig. 2.9(d)).
2.2.2 Loss measurement
The waveguide propagation loss was initially estimated by performing cutback
measurements of the transmission for straight waveguides of three different lengths
(figure 2.10). Cutback method is relatively quick and easy way to estimate propa-
gation loss since it does not require extra sample processing step. However coupling
efficiency may vary for each cleaving and fiber-waveguide aligning procedure. The
input and output coupling losses were estimated by extrapolating the total insertion
17









Figure 2.9: Observations of optical pattern emerging from porous silicon waveguide
for (a) singlemode waveguide with y-branch, (b) multimode optical waveguide with
y-branch, (c) singlemode straight waveguide and (d) multimode straight waveguide.
loss measurements to a device length of zero, and the excess scattering loss in the
y-branch was calculated by comparing the total output power to that of a straight
waveguide with the same length. The total waveguide insertion loss in a 12 mm long
device was estimated to be 25 dB, including coupling loss (2 dB/facet), propagation
loss (16 dB), and scattering loss in the y-branch (5 dB).
2.3 Experimental results
A fiber coupled 1550 nm continuous-wave laser with maximum power of 4
mW was coupled into input facet of MZI waveguide through a lensed fiber. The
light emerging from the waveguide was collected with a second lensed fiber and
photodiode, which records the interferometric signal, as illustrated in Fig. 2.11(a).
For comparison, we conducted measurements using a similarly fabricated straight
18

















Total coupling loss ≈ 4 dB
Propagation loss ≈ 14 dB/cm
Figure 2.10: Propagation loss estimation by cutback measurement
waveguide incorporated into a fiber-optic MZI. In this experiment, the output from
the laser was split using a 90:10 fused fiber coupler, with the 90% output directed
through a straight porous waveguide, as shown in Fig. 2.11(b). The size of the sens-
ing window was identical between the straight waveguide and the integrated MZI.
The outputs were recombined in a second, 50:50 fused fiber coupler and connected
to a photodiode. The fiber based measurements used single-mode (non polarization-
maintaining) fiber, and therefore require a polarization controller and polarizer to
ensure that the signals from the two arms of the interferometer remain co-polarized.
By contrast, the integrated MZI shown in Fig. 2.11(a) maintains the polarization
state in the two arms.
Finally, in order to clearly differentiate phase and amplitude changes, we also











































Figure 2.11: Experimental setups used to conduct interferometric porous waveguide
measurements. (a) Integrated Mach-Zehnder interferometer (MZI) constructed us-
ing porous silicon waveguides. (b) Fiber-based MZI, with porous waveguide incor-
porated in one arm of interferometer, and (c) Heterodyne fiber-based interferometer,
enabling simultaneous measurement of magnitude and phase shift in porous waveg-
uide sensor.
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using the system depicted in Fig. 2.11(c). Two acousto-optic modulators (AOM)
were employed on both branches of fiber optic MZI, to shift frequency of sensing
branch by 55.1 MHz and reference branch by 55.0 MHz. The magnitude of the
resulting 100 kHz beat-signal was observed using a dual-phase lock-in amplifier
with 100 kHz reference frequency. The relative phase and intensity of the optical
signal is then translated into the magnitude and phase of the 100 kHz heterodyne
signal.
2.3.1 Stability comparison between integrated MZI and fiber optic
MZI
Figure 2.12 compares the stability between the integrated MZI shown in Fig. 2.11(a)
and the corresponding fiber-based interferometer of Fig. 2.11(b), measured over a
400 second interval, when there is no analyte introduced to the sensor. To ensure an
accurate comparison between the measurements, the optical powers were adjusted
prior to the observation to ensure that both devices show full fringe contrast and
have the peak output interferometric signal. The output of the MZI is nearly con-
stant, indicating that the relative phase and intensity in the interferometer remains
stable over the observation time. The fiber-based interferometer shows a significant
slow drift of the output signal, associated with uncontrolled mechanical and thermal
instabilities in the fiber and waveguide. In comparison to the fiber-based interferom-
eter, the integrated MZI uses shorter arms that are integrated on the same chip in
close proximity. Because the measurement responds only to the relative phase differ-
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ence between the arms, any thermal and mechanical fluctuations that are common



















Figure 2.12: Comparison of stability from integrated porous Mach-Zehnder inter-
ferometer and fiber-based waveguide interferometer, conducted over 400 s with no
analyte present. Prior to observation, both systems were adjusted to have full in-
terferometric fringe contrast and equal fringe amplitude.
2.3.2 Sensor performance measurement
To demonstrate the sensor performance, we applied a drop of isopropanol
to the active region of the waveguide using a micro-pipette, while observing the
detected signal on an oscilloscope. Figure 2.13(a) plots the received signal from
the integrated MZI device, measured over a 400 second interval during which the
isopropanol was introduced. The enlarged plots in the lower panel below show the
rapid phase shift (approximately 5 fringes over 2 seconds) that occurs when the
analyte immediately penetrates the porous waveguide. This process later reverses
22
after about 200 seconds as the analyte evaporates out of the pores. A similar
evolution is seen in the fiber-based interferometer, as shown in Fig. 2.13(b) but the
response is superposed onto a slow, unrepeatable drift associated with thermal and
mechanical instability of the fiber-based interferometer. The additional interference
fringe in between penetration and evaporation seen in Fig. 2.13(b) is a consequence
of the instability of the fiber-based interferometer, and does not reflect the true
refractive index change caused by the analyte.
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Figure 2.13: Interference signal measured from (a) integrated nanoporous silicon
MZI device and (b) straight waveguide incorporated into an external fiber MZI.
The interference signal is observed over a 400 s time interval during which a drop
of isopropanol is introduced to the porous waveguide.
2.3.3 Heterodyne phase shift measurement
Figure 2.14 plots optical intensity and phase, measured using the fiber-based
heterodyne system shown in Fig. 2.11(c). When the isopropanol penetrates the
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waveguide, we see a rapid increase in the phase by approximately 9.7π, which agrees
well with the fringe measurement obtained from the MZI. Upon evaporation, the
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Figure 2.14: Heterodyne measurement of intensity and phase change from a 200 µm
porous silicon waveguide that is exposed to isopropanol.
2.3.4 Sensitivity analysis
To estimate the sensitivity of the interferometric measurement, we relate the






where λ is vacuum wavelength (1.55µm) and L is interaction length (200 µm). The
right axis in Fig. 2.13(b) shows the calculated refractive index shift of the waveguide,
which shows a reversible refractive index shift of 0.04 refractive index units (RIU)
caused by the isopropanol. From Eq. 2.3, we estimate the sensitivity of 13,000
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rad/RIU·cm. Assuming that the integrated MZI device has a limit of detection of
0.1 radian (5.7 degrees), a conservative estimate based on the data presented in
Figs. 2.12 and 2.13, the device should be capable of detecting a refractive index
change as small as 10−5 if the active area were increased to L = 1 cm.
Although the test analyte considered imparts a relatively large phase shift, the
sensitivity estimated here is predicated on the assumption that the induced phase
shift will be strictly proportional to the refractive index, as expressed in Eq. 2.3,
even for smaller changes in the refractive index.
For comparison, the highest sensitivity porous silicon based optical sensors
reported to date have used spectral measurements of resonant cavities [13]. These
methods report a spectral sensitivity of 300-500 nm/RIU (meaning, for example,
that with a spectral resolution of 0.1 nm, a refractive index shift as small as 2×10−4
could be detected.) By using prism or grating-based coupling into slab waveguides
(with no transverse confinement), a sensitivity as high as 1000 nm/RIU has been
reported [4, 42]. The integrated MZI reported here has the potential to exceed the
sensitivity of existing approaches, in a simple device that is both stable and compact.
It should be acknowledged that the laser-based heterodyne interference mea-
surement reported here, while more capable, is a more costly and sophisticated
measurement than broadband reflectance spectrometry previously employed in pla-
nar porous silicon sensors [6–14]. However, the integrated MZI device could be
easily modified by introducing an intentional path length difference between the




We describe the fabrication and measurement of an integrated nanoporous
Mach-Zehnder interferometric waveguide sensor. Nanoporous silicon single mode
integrated waveguides were successfully fabricated by electrochemical etching and
direct-write laser oxidation. The nanoporous dielectric permits direct infiltration of
the analyte gas or liquid into the waveguide core, enabling sensitive detection in a
small device – thereby overcoming a key disadvantage of evanescent-mode sensors.
Using isopropanol as a test analyte, we observed a phase shift of 9.7π in an inter-
action length as short as 200 µm. Sensitivity of 13000 rad/RIU-cm was measured
which exceed most previous reports.
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Chapter 3: Thermal conductivity of porous silicon
Thermal conductivity is one of the most important properties that affect per-
formance of electrical and optical devices. Therefore accurate determination of
a material’s thermal conductivity is essential for properly designing such devices.
Materials with nano scale structure, including porous silicon, exhibit quite different
physical properties compared to their bulk or crystalline counterparts. A num-
ber of studies showed that porous silicon has thermal conductivity comparable to
commonly used insulation materials such as SiO2 or Si3N4 [49]. Also its thermal
conductivity can be tailored during fabrication process. We investigated porous sil-
icon’s thermal conductivity using an electrical AC heating method (3-ω method).
The method provide a simple way of measuring thermal conductivity of materials
in bulk or thin film form. Moreover, the 3-ω method can be used to measure the
anisotropy in the thermal conductivity, which is discussed in following chapter.
3.1 Prior thermal measurement of porous silicon
Porous silicon’s thermal conductivity was studied by several different methods.
The first measurement result of porous silicon’s thermal conductivity was reported
by Lang and co-workers using the thermal wave propagation. Later, 3-ω, micro-
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Raman, photo-acoustic and scanning thermal microscopy methods were used to
measure the thermal conductivity. The list of prior studies are shown on table 3.1.
All of them reported that the thermal conductivity of porous silicon is 2-3 orders of
magnitude smaller than crystalline silicon.
Table 3.1: Previously reported thermal conductivity of porous silicon
Authors Year Methods Sample k
type (Wm−1K−1)
W. Lang et al. [50] 1994 Thermal wave p, n 1.2 - 1.8
propagation p+ 80 as prepared
2.7 oxidized
G. Gesele et al. [26] 1997 3-ω p+(0.01 Ω·cm) 0.8 at room temp.
p(0.2 Ω·cm) 0.2 at room temp.
S. Périchon et al. [22] 1999 Micro-Raman p+ 1
V. Lysenko et al. [23] 1999 Micro-Raman p+(0.01 Ω·cm) 0.36 - 4.6
S. Périchon et al. [24] 2000 Micro-Raman p+ 0.3 - 0.7
U. Bernini et al. [20] 1999 Photo-acoustic n(1 Ω·cm) 1.2 - 3.5
U. Bernini et al. [21] 2003 Photo-acoustic n(1 Ω·cm) 0.29 - 2.93
S. Gomès et al. [25] 2007 Scanning thermal p+(0.01 Ω·cm) 1.7 - 3.8
microscopy
3.2 3-ω method
The 3-ω method has been widely used to measure thermal conductivity of
materials. It utilizes a metal strip deposited on top of the sample functioning as a
heater and temperature sensor. An electrical current at frequency of 1-ω is applied
across strip and generate sinusoidal heating at 2-ω. Because the resistance of metal
varies linearly with temperature, heater resistance oscillates at 2-ω. The resulting
voltage across the heater becomes product of 1-ω current and 2-ω resistance which
contains both 1-ω and 3-ω components. The 3-ω component measured across the
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metal strip contains information of amplitude of temperature oscillation that is
related to the thermal conductivity of the sample.
3.2.1 3ω voltage and temperature oscillation
V



























Figure 3.1: (a) Simplified 3-ω measurement diagram. (b) Relationship between
current, heat power, temperature, electrical resistance and voltage.
Figure 3.1 illustrates the simplified diagram of 3-ω measurement and the rela-
tionship between the applied current, heat power, temperature, electrical resistance
and measured voltage. A sinusoidal current I(t) with frequency ω is applied to
metal strip which generates Joule heat Q(t) at frequency 2ω.
I(t) = I0 cos(ωt) (3.1)
Q(t) = I2(t)Re(t) (3.2)
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The heater resistance Re is given as
Re(t) = Reo(1 + αθ(t)) (3.3)
where Reo is electrical resistance of heater at room temperature, α is temperature
coefficient of resistance and θ(t) is temperature rise of heater (T (t) − To). Since α
of most metals are in the order of 10−3 K−1 and θ(t) is usually kept small (θ(t) <1
K), Re(t) can be approximated to Reo. Therefore, Q can be written as
Q(t) = I2(t)Reo =
1
2
I2oRe0(1 + cos(2ωt)) (3.4)
Now, Q(t) can be divided into DC and 2ω parts









Average value of Q2ω is 0 at steady state. Therefore QDC is average heat flow
over time. Since electrical resistance of metal strip varies linearly proportional to
temperature, AC-steady state resistance can be expressed as
Re(t) = Reo(1 + αθDC + αθ2ω cos(2ωt+ φ)) (3.6)
where θDC is temperature rise by QDC , θ2ω is amplitude of temperature oscillation
by Q2ω and φ is phase difference between applied current and temperature response
of metal strip. Eventually, the voltage across metal strip, V (t) = I(t)Re(t), is found
to contain spectral components at ω and 3ω.
V (t) = I(t)R(t) = I0Reo
(





















IoReoαθ2ω cos(3ωt+ φ) (3.9)
Equation 3.9 shows that the amplitude of V3ω is directly proportional to the ampli-
tude of the temperature oscillation of metal strip θ2ω. By rewriting V3ω, real and













RMS values are introduced in the equations above because these reflect what is
actually measured by a lock-in amplifier. Using equation 3.11 and 3.12, in-phase
and out-of-phase components of temperature oscillation amplitudes are calculated.
3.2.2 Temperature oscillation of line heater on semi-infinite substrate
The simplest 3-ω sample geometry is line heater deposited on semi-infinite
substrate as described in figure 3.2. This geometry is commonly used to measure
thermal conductivity of isotropic bulk materials, and is the basis of other variations
of the 3-ω method introduced later in this chapter that for characterizing thin film
materials on a substrate. An expression for temperature inside the substrate was
derived from heat diffusion equation in cylindrical coordinate with semi-infinite sub-
strate and infinitely narrow heater approximations [27, 51]. By ignoring heat loss
















Where Prms is average power (heat flow) on heater, L is heater length, k is thermal
conductivity of substrate material, K0(·) is zeroth order modified Bessel function of
second kind, 1/q =
√
D/i2ω is thermal wavelength (or diffusion length) and D is
thermal diffusivity.
Because the 3-ω method measures the heater temperature, we take z = 0 and
replace r = x. In real experiment, heater has finite width, |x| ≤ b. In this case,
θ2ω(x) is derived by convolution with rectangular function. This operation can be










where ξ is the Fourier wavenumber. Then apply convolution with rectangular func-





















The heater is usually made of a metal that is much more thermally conductive
than the substrate. In this case, the temperature across heater quickly reaches an
equilibrium state in which the temperature across the heater is uniform. By taking












This is exact solution for θ2ω of metal strip. There is no closed-form analytic solution
for this integration. However, the solution can be simplified by making some reason-
able assumption. For the regime that thermal wavelength is much larger than heater
width (1/q  b), the integration is dominated by value of ξ such that q < ξ < 1/b.

















The real part of this solution is seen to be a linear function of ln 2ω. This simpli-
fied solution indicates that amplitude of the real (in-phase) part of the temperature
oscillation is a linear function of ln 2ω. The thermal conductivity can be generally
estimated by plotting Reθ2ω vs 2ω on a semi-log scale, and finding the slope. The-
oretically, it is possible to calculate thermal conductivity from imaginary part of
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solution. However it is mentioned by Cahill that slope method tend to be more
accurate in real experiment [27]. V3ω,rms which is measured is related to θ2ω by
equations 3.11 and 3.12. By sweeping driving frequency ω in appropriate range and













If experimentally measured slope of θ2ω vs. ln 2ω plot is given as S, substrate thermal





3.3 Differential 3-ω method
The method described in previous section is only applicable in bulk or rel-
atively thick material. It is convenient and useful to be able to measure thermal
conductivity with thin film because it is challenging for some materials to be pre-
pared in bulk form. Also, thin films often exhibit quite different thermal conductivity
from their bulk counterparts as interfacial resistance becomes more prominent. The
differential 3-ω method described in this section allows one to measure the thermal
conductivity, especially cross-plane component, of a thin film on a substrate. The
basic concept of this method is to assume that the thin film is a one-dimensional
thermal resistor that transfers heat from the metal strip to the substrate. The
thermal conductivity is determined from the temperature difference across the film.
Details of the differential 3-ω measurement and analysis method will be discussed
in this section. Also, limitations and several aspects that need consideration will be
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discussed.






























Figure 3.3: (a) Temperature gradient (heat flow) inside a typical ‘thin film on sub-
strate’ sample for differential 3-ω measurement. (b) Ideal sample structure (micro-
mesa) for differential 3-ω measurement. (c) Temperature oscillation of top and bot-
tom interfaces of the film in time domain. (d) Amplitude of temperature oscillation
of the two differential 3-ω measurement samples
In differential 3-ω method, the thin film is assumed to be a simple 1-dimensional
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thermal resistor with cross-sectional area same as heater and length of film thick-
ness. Figure 3.3 (a) illustrates the heat conduction in the typical differential 3-ω
measurement sample. In a real sample, there is heat spreading at the edge of the
heater, which violates the 1-dimensional thermal resistor assumption. The assump-
tion can be satisfied by making the heater width much bigger than the film thickness
(b d), thus the relative amount of heat spreading gets negligible. If possible, the
miro-mesa structure shown on figure 3.3 (b) is an ideal solution. Cross-plane compo-
nent of the thermal conductivity,kFilm,z, can be derived by measuring temperature








where d, b and L are known dimensional values of sample, and Q is average heat
flow through the thermal resistor. TF1 and TF2 are average temperatures on top
and bottom surface of the thin film, respectively.
3.3.2 Temperature difference measurement
TF1 and TF2 are measured from two separate samples by ordinary 3-ω method.
TF1 is measured from actual sample with thin film to be measured, and TF2 is
measured from a substrate sample without thin film, otherwise identical to first
sample. If measured values are given as θ2ω,F ilm and θ2ω,Sub, Rt is rewritten as














θ2ω,F ilm − θ2ω,Sub
(3.24)
Measuring TF1 and TF2 for a range of ω is commonly done instead of temperature
at fixed frequency. The distance between two functions represents the temperature
difference across the film. Figure 3.3 (c) illustrates schematically the temperature
oscillation on heater (TF1) and film-substrate interface (TF2) in time domain, and












V3ω = VA - VB
VA : voltage across Rh/2
VB : voltage across Rs
10 Ω
V~
Figure 3.4: Diagram of 3-ω thermal conductivity measurement setup
Figure 3.4 shows schematic diagram of 3-ω measurement setup. A lock-in am-
plifier (Signal Recovery 7270) was used as both a signal source and measurement
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instrument. The lock-in amplifier is capable of simultaneously measuring signals at
two harmonics of the reference frequency. Sinusoidal signal at angular frequency
1-ω from internal oscillator drives heater circuit while the lock-in amplifier simulta-
neously measures the voltage signals at 1-ω and 3-ω. The measurement sample was
placed on a large aluminum block with highly heat conductive paste on back side
to allow for heat dissipation. The aluminum block has heat capacity much higher
than sample, therefore heat generated from heater quickly dissipated into the block
thereby maintaining the sample at room temperature. The sample temperature is
monitored by K-type thermocouple connected at the edge of sample. Sample was
connected to the rest of experimental circuit by four microprobes.
If internal oscillator generates pure sinusoidal signal at frequency 1-ω, the 3-ω
signal across heater would be solely induced by temperature oscillation. However,
signal from internal oscillator was found to have significant harmonic distortion at
3-ω frequency that corrupts the measurement. The problem can be resolved by
introducing differential measurement technique that cancels out common noise by
introducing series resistor. Because the series resistor does generates negligible heat
compared to the sample, the voltage across the resistor is always proportional to ap-
plied signal. Voltages across the sample and series resistor are differentially recorded
using the inputs A and B of the lock-in amplifier. Instrumentation amplifiers are
required on both sides to isolate the heater circuit from lock-in amplifier’s signal
acquisition circuit. In order to match amplitude of the common signal on both
input, the series resistor was adjusted so that ω component of VA − VB is zero.
The 3-ω component of (VA − V − B) then reflects only the thermal heating of the
38
measurement sample, with the harmonic distortion, which is common to both chan-
nels, subtracted out. The internal oscillator frequency ω is computer controlled and
swept. A 10 Ω resistor is employed in series with the heater and series resistor to














Figure 3.5: Schematic diagram of 3-ω measurement circuit with approximate current
source
Ideally, the sinusoidal signal that drive heater circuit is intended to be a current
signal. The best option is using commercial sinusoidal current source. Another
option is to use a voltage-to-current circuit that convert voltage signal produced
by the lock-in amplifier into a current signal. The easiest solution is to simply use
the voltage source such as lock-in amplifier’s oscillator output as an approximate
current source. This can be achieved by using a series ballast resistor with relatively
high resistivity compared to heater (figure 3.5). If ballast resistor’s resistivity is







where Rtotal = Ri +Rb +Rsample (see figure 3.5 ).
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3.5 Sample fabrication and characterization
3.5.1 Fabrication
The fabrication process used to produce the measurement samples is illustrated
in figure 3.6 (a)-(d). The porous silicon layer was formed by electrochemical etching
of boron doped (p-type), 〈100〉 silicon substrate, using the process described in
chapter 2. As described in previous chapter, porosity increase as etching current
density increases. Also, porous silicon etched from substrate with relatively lower
doping density exhibits smaller pore size compared to porous silicon on highly doped
substrate. Samples with several different combinations of substrate doping density
and porosity were prepared to investigate their effects on thermal conductivity.
Silicon substrate with two different range of electrical resistivity ( 0.1 Ω·cm and 0.001
Ω·cm) are used. Porous silicon layers with thickness of 1 µm and 2 µm are formed
on both substrates. For each thickness, two different porosity samples are prepared
(Characterized by nominal refractive index of 1.7 and 1.8 respectively, according
to etching calibration data). On top of porous silicon layer, 200 nm of SiO2 layer
was deposited by PECVD process to prevent electrical short between heater and
porous silicon layer. After SiO2 deposition, standard positive photoresist was spin
coated to pattern metal heater. Photoresist was exposed by laser lithography system
described in previous chapter. Followed by development, 200 nm of aluminum was
deposited by thermal evaporation, than excessive resist and aluminum was lifted
off by resist stripper. Figure 3.6 (e) shows heater design that is patterned on top
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of samples. The heater width (2b) of 30 µm was chosen to satisfy the 1D thermal
resistor assumption. Because the 2- dimensional, semi-cylindrical heat flow model
does not apply at both end of heater, near the contacts, we use only center region
of heater for measurement. Heater was designed in such a way that center half
length is used to measure voltage signal while current is driven across full length.









































Figure 3.6: 3-ω sample fabrication process. (a) Porous silicon layer is formed by
electrochemical etching. (b) PECVD SiO2 is deposited for electrical insulation. (c)
Photoresist is spin-coated and patterned. (d) 200 nm Aluminum is deposition and
excessive area is lifted-off. (e) Heater design (f) Completed sample
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3.5.2 Resistance thermometry
Since 3-ω method rely on electrical resistance change with temperature (e.g.
equation 3.3), measuring temperature coefficient of resistance, α, is important for
accurate measurement. It is possible to use known value of α for the material
comprising the heater. However α of thin film is often different form bulk value
and also depends on deposition method. α was measured by a standard 4-probe
technique with the sample on a hot plate. Sample was placed on hot plate with
heat conductive paste. Thermocouple is placed on top surface of sample to monitor
temperature. The heater and a 10 Ω resistor were connected to DC power supply
in series. The 10 Ω resistor was used to monitor current in circuit. The sample
was heated to 70◦C, and than the voltage across heater and standard resistor were
monitored by multimeters while temperature drops. The heater resistance at each





where Rheater is the heater resistance, Rs and Vs are the resistance and voltage across
series resistor and Vheater is voltage across the heater. dR/dT is derived from R vs.







R vs. T plot of heater is shown on figure 4.5. In temperature range of measurement,
resistance varies linearly by temperature. α from measurement was 3.17×10−3 K−1
which is slightly different from known value of aluminum (3.8− 4.3× 10−3 K−1).
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dR/dT = 0.122 Ω/K
Figure 3.7: Electrical resistance of heater as a function of temperature
3.5.3 Porosity estimation
Since the electrochemical etching process that used for fabricating porous sil-
icon was calibrated for refractive index, A method to estimate porosity from refrac-
tive index (or dielectric constant) is necessary. There are several models to describe
dielectric property of materials that comprise two or more elements, and Brugge-
man’s model is one of them. The model is used to describe materials composed of
two different elements. The relation between fraction and dielectric constant of each









where fa and fb are fraction of material a and b, and εa, εb and εeff are dielectric
constants of material a, b and effective medium, respectively.
3.6 Results and discussion
3.6.1 Reference (SiO2) sample
Before measuring porous silicon samples, thermally grown silicon dioxide sam-
ple was measured as a reference to confirm the experimental approach. The 1 µm
SiO2 layer was grown on intrinsic 〈100〉 silicon substrate. Comparison sample with-




















Figure 3.8: θ2ω/P as a function of ln 2ω, blue is bare intrinsic silicon and green is
thermal SiO2 on intrinsic silicon.
Figure 3.8 plots θ2ω/P of two samples as a function of ln(2ω), which is analogous
to equation 3.19. The blue dots and fitting line at bottom represent bare intrinsic
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silicon, while green represent thermal SiO2 on identical silicon substrate. Thermal
conductivity of substrate was derived from each slope using equation 3.21, and the
values are about 100-115 Wm−1K−1. The cross-plane thermal conductivity of SiO2
was derived from distance between two lines using equation 3.24, and the value is
0.828 Wm−1K−1. The thermal conductivities of intrinsic silicon and SiO2 are 150
Wm−1K−1 and 1.4 Wm−1K−1 at room temperature[[ref]], in approximate agreement
with our measurement.
3.6.2 Porous silicon from moderately doped substrate
ln(2ω)









































6 7 8 9 10
Figure 3.9: θ/P as a function of ln 2ω, blue is bare intrinsic silicon. Green and red
are 1 µm and 2 µm of PSi on substrate. Top: porosity of 64.9 % Bottom: porosity
of 61.4 %
Figure 3.9 shows the 3-ω measurement results of porous silicon fabricated from
moderately doped substrate. A silicon wafer with resistivity of 0.1 Ω·cm was used as
substrate. Porous silicon made from this substrate exhibits a typical pore diameter
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of about 10 nm. Porous silicon sample with porosity of 64.9 % (fig 3.9 top) and 61.4
% (fig 3.9 bottom) were measured. Porosity was calculated from refractive index
of 1.7 and 1.8 using Bruggeman’s model. On both plots, blue represents substrate-
only sample, green represents 1 µm psi layer on substrate and red represents 2 µm
psi layer on substrate. Thermal conductivity of substrate and porous silicon was
derived using equation 3.21 and 3.24. The values are shown on table below.
Table 3.2: kPSi,z measurement result for moderately doped porous silicon
Porosity PSi Thickness kPSi,z
61.4 % 1 µm 0.63 Wm−1K−1
61.4 % 2 µm 0.57 Wm−1K−1
64.9 % 2 µm 0.47 Wm−1K−1
Measured value with moderately doped p-type porous silicon agrees with previously
reported values of p or p+ type porous silicon. Prediction of thermal conductivity
trend that depends on porosity is difficult from current data that only show subtle
difference. However, it can be expected that thermal conductivity decreases as the
porosity increases.
3.6.3 Porous silicon from highly doped substrate
Figure 3.10 shows 3-ω measurement results of porous silicon fabricated from
highly doped substrate. Silicon wafer with resistivity of 1-5 mΩ·cm was used as
substrate. Porous silicon made from this substrate exhibits a typical pore size of
about 50 nm. Porous silicon sample with porosity of 61.4 % was measured. As
above, the porosity was estimated from refractive index of 1.8 using Bruggeman’s
model. Blue represents substrate-only sample, green represents 1 µm psi layer on
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2 μm PSi 1 mΩcm substrate
Porosity: 61.4 %
Figure 3.10: θ/P as a function of ln 2ω, blue is bare intrinsic silicon. Green and red
are 1 µm and 2 µm of PSi on substrate.
substrate and red represents 2 µm psi layer on substrate. The thermal conductivity
of substrate and porous silicon was derived using equation 3.21 and 3.24. The values
are shown on table below.
Table 3.3: kPSi,z measurement result for highly doped porous silicon
Porosity PSi Thickness kPSi,z
61.4 % 1 µm 3.12 Wm−1K−1
61.4 % 2 µm 4.78 Wm−1K−1
Highly doped porous silicon exhibits about 1 order of magnitude higher thermal
conductivity compared to moderately doped porous silicon. The biggest difference
between two porous silicon samples is pore size. Porous silicon with larger pore
diameter features relatively bigger leftover silicon skeleton compared to those with
smaller pores. It is clear that nanoscale feature size of material contributes more on
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its thermal property than porosity.
3.7 Summary
In this chapter, the theory and experimental details of 3-ω thermal conduc-
tivity measurement was introdued and applied to study the thermal conductivity
of prous silicon. The 3-ω method provides a relatively simple and accurate way to
measure the thermal conductivity of bulk and thin film materials. Moderately doped
porous silicon shows similar thermal conductivity value of p or p+ type porous sil-
icon that has been reported previously. Highly doped porous silicon has thermal
conductivity of one order of magnitude larger than moderately doped porous silicon.
The result shows that nanoscale feature size plays an important role on material’s
thermal property
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Chapter 4: Strong anisotropic thermal conductivity of porous silicon
In previous chapter, porous silicon thin film’s cross-plane thermal conductivity
was measured by differential 3-ω method. For isotropic materials, it can be safely
assumed that the measured cross-plane thermal conductivity is identical to the in-
plane component. However anisotropic materials exhibit different thermal conduc-
tivities along the different axes, and therefore requires separate measurements to
accurately characterize both components. All previous studies that reported porous
silicon’s thermal conductivity assumed that porous silicon is a thermally isotropic
material. However porous silicon is expected to exhibit anisotropy in thermal con-
ductivity based on its strongly directional nanoscale structure. Figure 1.1 in chapter
1 shows a scanning electron micrograph of porous silicon that has strong columnar
pore structure. Such an anisotropic structure strongly suggest that porous silicon
will have unique anisotropic physical properties, including thermal conductivity.
The in-plane thermal conductivity is particularly important for thermal sensors
such as bolometers or micro-heaters [30, 31, 52, 53]. Those devices usually employ
suspended thin film structure for thermal isolation to maximize its performance.
In-plane thermal conductivity dominates heat transfer in such devices and also gov-
erns the cross-talk between neighboring pixels in bolometric imaging system. Direct
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measurement of thin film’s in-plane thermal conductivity often involves fabricat-
ing sample with suspended structure or encapsulating the film between insulation
layers [54, 55]. However, preparing porous silicon samples for those methods with
additional heating and sensing structure is extremely challenging process. A re-
cently developed non-contact method called the transient thermal grating does not
require any heater, sensor or transducer structure, however requires extensive anal-
ysis to avoid error and possibility of laser induced oxidation [56]. While direct
measurement methods are challenging, the 3-ω method provide alternative way to
measure in-plane thermal conductivity with identical sample fabrication process to
cross-plane measurement. In the differential 3-ω measurement, sample is prepared
with wide heater compared to film thickness, in order to minimize the heat spread-
ing into the film (b  d). In this limit, the heat diffusion process depends only
on cross-plane thermal conductivity. If heater width is comparable or smaller than
film thickness (b ≈ d or b  d), a significant portion of heat will spread into the
film instead of diffusing into substrate. In this case, heat diffusion depends on both
cross-plane and in-plane components, and resulting temperature oscillation ampli-
tude will be reduced compared to the case of no heat spreading. Borca-Tasciuc et
al. analyzed the effect of such heat spreading inside film on substrate geometry
and derived analytical expression, which includes argument of in-plane thermal con-
ductivity of film, for correct cross-plane thermal conductivity from differential 3-ω
measurement [57]. This method provides a good way to indirectly estimate in-plane
thermal conductivity of thin film without resorting to difficult fabrication process.
Another indirect approach to characterize the in-plane thermal conductivity
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is using numerical simulation that precisely describes actual 3-ω experiment and
compare the result to experimental measurement. If simulation is performed with
the correct amount of in-plane thermal conductivity, the numerically computed tem-
perature oscillation should match with experimental result.
In this chapter, experimental and analysis method of measuring in-plane ther-
mal conductivity of porous silicon by differential 3-ω method will be described.
Later, numerical simulation method will be discussed and the result will be com-
pared with experimental result.
4.1 2D heat flow model
4.1.1 Multilayer film on substrate
Original 3-ω and differential 3-ω analysis method described in the previous
chapter do not account for 2-dimensional heat diffusion inside film. Chen et al. [58]
derived solution for heater temperature rise of anisotropic film on semi-infinite sub-
strate, and Kim et al. [59] derived solution for heater temperature rise of multilayer
isotropic film on substrate. Later, Borca-Tasciuc et al. [57] derived general solu-
tion for 2-dimensional heat conduction based on those two studies. The general 2D
solution is able to analyze temperature rise of metal heater on anisotropic multi-
layer film on substrate. The structure is shown on figure 4.1. The temperature rise
































1− Ai ki,zBiki−1,zBi−1 tanh(φi−1)






φi = Bidi, kxz = kx/kz (4.4)
n is the total number of layers, subscript x and z correspond to the directions parallel
and perpendicular to film surface respectively. i = n for substrate and An = −1 if
substrate is semi-infinite.
4.1.2 Single anisotropic film on isotropic substrate
A porous silicon film on crystalline silicon substrate can be described by a sin-
gle, anisotropic layer, on an isotropic substrate. Under AC heating, the temperature



































φF = BFdF , kF,xz = kF,x/kF,z (4.8)
where subscript F and S means film and substrate respectively. Similarly, the


















From the above general expression, factors that affect simple 1D heat flow
approximation can be derived [57]





where C is a dimensionless “contrast factor” given by
C = 1− kF,xkF,z
k2S
(4.13)













The ratio of true cross-plane thermal conductivity (kF , z) to measured value




If film and substrate thermal conductivity contrast is large enough, then C ≈ 1. In
this case, the expression can be simplified as
kF,z = k1D × F (βF ) (4.16)
where



















Note that in case of small βF (either kF,x  kF,z or b d), F (βF ) approaches to 1,
which means the Equation 4.16approaches to Equation 3.24 which is valid for 1D
heat flow regime. The ratio F (βF ) is shown in figure 4.3 as a function of βF . On this
plot, the heat flows is approximately 1-dimensional for βF < 10
−1, while amount of
heat spreading quickly increase as βF increases.
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Figure 4.3: F (βF ) as a function of βF
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A sample with geometry that allows more in-plane directional heat flow pro-
vides more precise estimate of kF,x. This means high aspect ratio of d/b is desirable.
Dames calculated sensitivity to kF,z and kF,x as a function of “dimensionless heater
width”, which is reciprocal of βF , and suggested a range smaller than 0.1 (βF > 10)
for accurate measurement [29]. However, this imposes a constraint on the sample






while D is thermal diffusivity and ω is electrical frequency of driving current. Since
λt should be in range d  λt  dsub to avoid abnormal response due to film-
substrate and substrate-environment interfaces, the film thickness need to be kept
rather small in order not to limit driving frequency range. Also, patterning metal
strip narrower than 1-2 µm requires higher-resolution nanolithographic processing,
such as electron-beam lithography. To satisfy these constraints with a 500 µm thick
silicon substrate and 40 µm thick porous silicon film would limit the frequency to a
range well within 30 Hz - 4000 Hz. Assuming narrowest heater width that can be
fabricated is 4 µm, the suggested regime, βF > 10, can only be satisfied with near
isotropic thermal conductivity which does not apply for porous silicon.
The constraints are able to be overcome by measuring multiple samples that
have various combination of b and d. It is possible to estimate kF,x by measuring
two samples, one with dimension of b  d and the other with dimension b  d or
b ≈ d, and applying the Equation 4.16 to the result to find kF,x that makes kF,z from
two samples same value. However, multiple samples with varying geometry allow
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more accurate measurement by providing a series of data with certain trend as a
function of sample geometry, instead of single data which may contain significant
error. If correct kF,x value is used for calculation, The predicted kF,zvalues obtained
all experimental samples would be self consistent and would match to true kF,z value.
4.1.3 Sample Fabrication
The fabrication process of samples for in-plane measurement is similar to the
cross-plane measurement described in the previous chapter. Porous silicon samples
were fabricated from p-type (1-5 mΩ· cm) 〈100〉 silicon wafer. All samples has
porosity of 59 % (estimated from refractive index 1.85) In this measurement, a series
of samples with several different combinations of b and d, as well as substrate only
(d = 0) samples with various b, were prepared. Figure 4.4 illustrates cross section
of two samples at both end of aspect ratio. Sample on left side shows geometry
of large b and small d (aspect ratio b/d ≈ 5). Differential 3-ω measurement result
performed on this sample can be interpreted as kF,z within 5 % error based on the
geometry (with isotropic assumption). The sample shown on right side has geometry
of small b and large d (aspect ratio b/d ≈ 0.05), which is much more sensitive to
kF,x. Table 4.1 lists all combinations of b and d that were measured. Each devices
resistance and dR/dT were characterized using standard four-probe measurement
technique. The dR/dT measurement results of the samples with 6 different heater
width are shown on figure 4.5 Total of 30 devices were prepared with combination
of different heater widths (4, 10, 16, 22, 28, 34 µm) and porous silicon thicknesses
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2b = 34 μm 2b = 4 μm
d = 5 μm
d = 35 μm
b/d ≈ 5 b/d ≈ 0.05
Figure 4.4: Prepared sample with highest b/d (left) and lowest b/d (right).
4.1.4 Experimental result and discussion
The instrumentation, measurement and data analysis methods are identical
to the differential 3-ω method described in previous chapter. V3ω for all prepared
devices were measured within driving frequency (ω) range between 50 and 1000
Hz. Measured V3ω values were converted to θ/P with equation 3.11. Results are
plotted on figures ??. On each figure, θ/P of devices of same heater width (2b) are
compared.
First, substrate-only samples with various b are compared on figure 4.6. The-
oretically, temperature rise of these samples supposed to be identical. On actual
experiment, overall temperature slightly increase as b decrease. This difference re-
sults from thin SiO2 electrical insulation layer which added resistance between heater
and silicon substrate. This is not an issue because ∆θ/P is only compared between
samples of same b. Also, difference in temperature rise is relatively minor com-
pared to temperature rise of porous silicon samples. Substrate thermal conductivity
58
Table 4.1: List of samples with different PSi thickness (d) and heater width (2b).
Sample PSi thickness Width Resistance dR/dT
(Number) (µm) (µm) (Ω) (Ω/K)
1 No PSi 2.8 430 0.527
2 No PSi 9.1 143 0.173
3 No PSi 15.2 85.9 0.102
4 No PSi 21.5 60.3 0.0761
5 No PSi 28 47.1 0.0575
6 No PSi 33.5 38.9 0.0459
7 5 4.2 305 0.386
8 5 10.4 125 0.149
9 5 16.8 78.4 0.094
10 5 22.7 57.3 0.0715
11 5 29.2 44.7 0.0549
12 5 35.3 37 0.043
13 15 4 329 0.403
14 15 10.5 130 0.148
15 15 16.7 80.3 0.0945
16 15 22.2 61.5 0.0731
17 15 28.3 47.9 0.0569
18 15 34.6 39 0.0443
25 35 4.6 287 0.356
26 35 10.7 124 0.145
27 35 16.7 79.4 0.0945
28 35 22.3 60.6 0.0727
29 35 28.3 47.3 0.0569
30 35 34.5 39.2 0.0444
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2b = 4 μm 2b = 10 μm
2b = 16 μm 2b = 22 μm

























Figure 4.6: Results of reference samples (samples 1 - 6). Numbers in legend represent
heater widths.
value,kSub, derived form slope was about 130 Wm
−1K−1.
Figure 4.7, 4.8, 4.9, 4.10, 4.11 and 4.12 shows comparison of temperature rise
between samples of same b with different PSi thickness. Note that devices on 25µm
thick PSi layer were over exposed during fabrication process, ended up with about
one step wider heater width (10 - 38 mum instead of 4 - 34 µm). Therefore 25
µm thick PSi data is missing on figure 4.7. It is observed for all b that amount
of temperature rise (∆θ/P ) increase quite linearly as PSi thickness increase up to
25 µm. However, increase rate clearly diminished between 25 and 35 µm. This
observation agrees with 2D heat flow model; increased d cause more heat flow into
film and reduce temperature rise of heater.
kPSi,z of each sample was derived from ∆θ/P with equation3.24. Results are
























Figure 4.7: Samples 1, 7, 13, 25. Heaters’ nominal width is 4 µm. ‘d = 0 µm’



























Figure 4.8: Samples 2, 8, 14, 19, 26. Heaters’ nominal width is 10 µm. ‘d = 0 µm’






























Figure 4.9: Samples 3, 9, 15, 20, 27. Heaters’ nominal width is 16 µm. ‘d = 0 µm’



























Figure 4.10: Samples 4, 10, 16, 21, 28. Heaters’ nominal width is 22 µm. ‘d = 0



























Figure 4.11: Samples 5, 11, 17, 22, 29. Heaters’ nominal width is 28 µm. ‘d = 0


























Figure 4.12: Samples 6, 12, 18, 23, 30. Heaters’ nominal width is 34 µm. ‘d = 0
µm’ represents no-PSi sample (reference).
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Table 4.2: Sample dimensions and thermal conductivities (kPSi,z) estimated by 1D
assumption.
Sample Heater width (2b) PSi thickness (d) kPSi,z
(Number) (µm) (µm) (Wm−1K−1)
7 4.2 5 11.9
8 10.4 5 10.3
9 16.8 5 10.2
10 22.7 5 10.4
11 29.2 5 9.11
12 35.3 5 9.94
13 4 15 17.4
14 10.5 15 11.1
15 16.7 15 11.1
16 22.2 15 10.5
17 28.3 15 10.9
18 34.6 15 9.89
19 10 25 12.8
20 14.1 25 11.4
21 19.5 25 11.0
22 27 25 11.8
23 35 25 9.09
25 4.6 35 22.8
26 10.7 35 15.2
27 16.7 35 15.6
28 22.3 35 12.2
29 28.3 35 12.1
30 34.5 35 11.3
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Figure 4.13: Estimated thermal conductivity with 1D assumption as a function of
“heater width/PSi thickness” ratio
Since these results are derived using 1D heat flow approximation, the val-
ues only valid when b  d satisfied. On figure 4.13, k1D approaches to about 10
Wm−1K−1 as b/d ratio increases. This right side of plot is close to typical differen-
tial 3-ω measurement regime where b  d. Therefore kPSi,z can be assumed to be
about 10 Wm−1K−1. As b/d decreases k1D gradually increases. This result caused
by reduced δθ/P in the regime b < d or b ≈ d. These values were corrected by 2D
heat flow model with proper in-plane thermal conductivity value, kPSi,x. If correct
kPSi,x is used for correction, all values on plot should be same as the value at b d
regime.
Figure 4.14 shows estimated kPSi,z by equation4.16 with three different as-
sumptions. When 1D heat flow is assumed (kPSi,x ≈ 0), estimated kPSi,z values are








γ = 0 (1D assumption)
γ = 0.045















Figure 4.14: Estimated kPSi,z with kPSi,x ≈ 0, kPSi,x = 0.45 Wm−1K−1 and kPSi,x =
kPSi,z assumptions
(isotropic assumption), estimated kPSi,z decreases as b/d decreases, which shows op-
posite trend compared to the 1D assumption. The trend gets close to flat at around
10 Wm−1K−1 when kPSi,x = 0.45 Wm
−1K−1; this is in-plane thermal conductivity
of PSi derived with 2D heat flow analysis method. Compared to cross-plane thermal
conductivity of 10 Wm−1K−1, in-plane component is greatly reduced by factor of
20.
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4.2 Numerical simulation with comparable experiment
Another way to indirectly infer in-plane thermal conductivity is using numeri-
cal simulation. By modeling actual 3-ω samples with correct dimensions and thermal
properties and applying sinusoidal heat flow, θ of the model was calculated. The
simulation result with various in-plane thermal conductivity values is compared to
experimental result, then actual in-plane component value was inferred by match-
ing simulation and experimental result. Compared to analytical approach mentioned
above, using numerical simulation does not require specific regime in samples ge-
ometry thus eliminates difficulty of fabricating samples with challenging geometry.
Also, experiment becomes more convenient since it does not need differential mea-
surement between actual sample and reference sample.
Experimental measurement with parameters that carefully matched with sim-
ulation was carried out using same set of samples of previous section.
4.2.1 Simulation
We used CST Multiphysics Studio’s thermal transient solver to numerically
calculate temperature oscillation of samples. The software calculates temporal tem-
perature variation of defined model by means of finite-element time-domain method.
The model defined for simulation is illustrated in figure 4.15.
Half of sample cross section with finite thickness was modeled for fast calcu-
lation. Appropriate boundary conditions were applied on each surface of compu-










Silicon dioxide layer 200nm
No heat flowNo heat flow
Figure 4.15: Schematic diagram of the numerical simulation model
substrate and cross-plane thermal conductivity of porous silicon derived from pre-
vious section were used as parameters. Another necessary parameter for simulation
is heat capacity of porous silicon. Since porous silicon is simply crystalline silicon
that partial volume is substituted with air, it is reasonable to approximate the value
as CPSi = CSi× (1− porosity), where CPSi and CSi are heat capacity of porous sili-
con and silicon substrate. To assume in-plane component of porous silicons thermal
conductivity, we introduced anisotropy factor γ, which represents kPSi,x/kPSi,z. The
solver calculates temperature gradient of the model at each small time step while si-
nusoidal heat flow is excited at heater surface. Heat flow density from heater surface
kept constant at 1 × 105 Wm−2 regardless of dimension. Temperature at the center
of heater is monitored and then converted to amplitude of temperature oscillation
θ, to be compared with experimental data. The simulation was run multiple times
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with varying b, d and γ to get entire solution of θ as a function of b for several
different porous silicon thickness and γ. A simulation without porous silicon layer
was performed separately to be compared with reference experimental sample.
4.2.2 Experiment
The same set of samples from previous section was used. Instrumentation
was also identical. In this experiment, V3ω was measured at single frequency that
matches with simulation (ω/2π = 500 Hz). Driving current to generate 1 × 105
Wm−2 was calculated prior to experiment and carefully adjusted. Measured V3ω
was converted to θ with equation 3.11.
4.2.3 Result and discussion
Simulation results and experimental data are compared in figure 4.17 by plot-
ting θ as a function of b. Note that it is possible to plot θ as a function of d for same
analysis. However keeping d consistent in actual fabrication process is more reliable
than keeping b consistent. Before testing actual samples, reference sample that does
not have porous silicon layer was tested and compared to corresponding simulation
model. This step is important to ensure that our simulation model agrees well with
real sample and experiment. Experimental data and simulation result are compared
on figure 4.17 (a). Even though there is a little deviation between experimental
data and simulation result, they are very close and overall trend fits very well with
each other. Figure 4.17 (b)-(d) shows comparisons between simulation results and
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experimental data for porous silicon thickness of 5, 15 and 35 µm. For all cases,







kx = 0.1 Wm
-1K-1
kz = 10 Wm
-1K-1
kx = 10 Wm
-1K-1
kz = 10 Wm
-1K-1
kSi = 130 Wm
-1K-1 kSi = 130 Wm
-1K-1
Isotropic (kx = kz) Anisotropic (kx = 0.01kz)
Figure 4.16: Comparison of heat spreading inside sample between isotropic and
anisotropic case by numerical simulation.
On figure 4.16, difference of heater temperature rise from simulation result is
visualized. Each pane visualize maximum heater temperature with γ = 1 (left) and
γ = 0.01 (right). Since smaller means less heat spread inside porous silicon layer,
heat flux is concentrated close to heater and raise heater temperature higher than
larger γ case. Overall, experimental data (black square dots) located well above
the isotropic (γ = 1) simulation results, which indicates lower in-plane thermal
conductivity compared to cross-plane thermal conductivity as we predicted based
on microscopic structure. For 5 µm thick case (figure 4.17 (b)), experimental data
lay close to simulation results with γ = 0.1 and 0.01. However it is difficult to
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Figure 4.17: Comparison between experimental data and numerical simulation.
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tell the actual fitting because spacing between those two results is too close to tell
difference. This is a limitation of sample geometry with d = 5 µm; in most of b range
falls in b > d regime where cross-plane component is dominant. 15 µm thick case
(figure 4.17 (c)) is in transition regime from b > d to b < d. Experimental data lay
slightly above γ = 0.01 and simulation plots are separated farther apart compared
to (b). Figure 4.17 (d) describes d = 35 µm case. All simulation results are clearly
separated and experimental data lined up very well with γ = 0.01 simulation. The
result may not be enough to conclude exact number of in-plane thermal conductivity;
however it is almost clear that in-plane component is about two orders of magnitude
smaller than cross-plane component
4.3 Summary
The anisotropy of porous silicon’s thermal conductivity was measured by both
the 2D heat flow analysis and numerical simulation method. Both method allows
to estimate in-plane thermal conductivity of the porous silicon without challenging
sample fabrication process. Although the most samples were not ideal because of
geometrical constraints, We were able to estimate (kPSi,x) by 2D analysis from data
obtained from a series of samples with varying geometry. Numerical simulation
result supported the experimental result by 2D analysis. The result confirmed that
the in-plane thermal conductivity (kPSi,x) of porous silicon is smaller than the cross-
plane conductivity (kPSi,z) by factor of 20 to 100. More accurate measurement would
require sub-micrometer scale heater to achieve smaller dimensionless heater width.
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Note that samples used for this study feature pore diameter of 20 50 nm. Porous
silicon’s pore size and microscopic structure can greatly vary depending on substrate
type and etching process. That means degree of anisotropy might be quite different




Porous silicon is a versatile material that has many interesting applications.
This thesis focused on porous silicon’s optical and thermal properties and demon-
strated possibilities as a highly sensitive optical sensor and excellent thermal insu-
lation material.
Optical waveguide comprises nanoporous material has unique advantage for
sensing application because it allows test substance to infiltrated into the core of
waveguide so that optical mode and the substance interact more effectively com-
pared to solid core waveguide sensor that only weak evanescent mode interacts with
test substance. We used a process of electrochemical etching and laser oxidation to
produce channel waveguides and integrated on-chip Mach-Zehnder structures, and
we measured the responsivity by selectively applying isopropanol to a small waveg-
uide segment in one arm of the interferometer. Sensitivity analysis revealed that
our device surpass previously reported devices in sensitivity. Compared to previ-
ously reported porous sensors that light travels perpendicular to thin porous layer,
our device employed waveguide structure that confines light in direction parallel to
porous layer. Waveguide geometry enabled more sensitive detection by increasing
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interaction length. By integrating MZI structure on a single chip, much better signal
stability than fiber-based MZI was achieved.
Porous silicon has thermal conductivity much lower than crystalline silicon. Its
thermal conductivity can be tailored by fabrication process. Porous silicon’s thermal
conductivity was measured with 3-ω method. The measurement system utilizes a
single metal strip deposited on top of measurement sample, which serve as both
a heater and a temperature sensor. At first, cross-plane thermal conductivity was
measured with 1D heat flow assumption. The result was comparable to previously
reported values. Porous silicon exhibits strong anisotropy in thermal conductivity.
In addition to cross-plane measurement, in-plane measurement was performed with
both 2D heat flow analysis and numerical simulation. The result revealed that in-




Another interesting aspect of porous silicon that may open to opportunity
of new applications is thermo optic property. One of the applications is thermo
optic modulator. The ability to make various compact and integrated optical com-
ponents with matured, low cost silicon fabrication technology has been the main
object of silicon photonics for decades. There have been a great number of studies
for developing optical components integrated on silicon wafers including waveguides,
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couplers, routers, hybrid lasers and modulators. Among those components, optical
modulator is a key component for many interesting applications. Traditionally, op-
tical modulators are made of materials with second order susceptibility tensor like
lithium niobate, which rely on second-order nonlinear effect (Pockels effect). How-
ever, silicon is a centro-symmetric material that does not exhibit Pockels effect,
therefore different modulation methods should be used. Largely two methods have
been demonstrated for optical modulation in silicon. One is free carrier dispersion
method that changing silicon’s refractive index and absorption by modulating car-
rier concentration in active region. Devices of this category include carrier injection
and carrier depletion. P-n junction configuration is usually used to achieve carrier
injection or depletion by forward or reverse bias. This method is able to modulate
as fast as several Gbit/s. However, optical loss increases as carrier concentration
increases, therefore modulation depth is shallow. Another method is thermo optic
modulation. Refractive index is modulated by temperature change of active area.
Even though switching speed is slower than electro optic modulation, thermo optic
modulation is more efficient in silicon due to its large thermo optic constant (dn/dT )
and optical loss induced by temperature change is very small. Device designs are
usually simpler and more compact compared to electro optic modulators. Therefore,
thermo optic modulation in silicon can be a good alternative for applications that do
not require fast switching speed. Efficient thermo-optic modulator materials require
high thermo-optic constant (dn/dT ) and low thermal conductivity. Also temper-
ature dependent loss should be small. Silicon has high thermo-optic coefficient
(150 × 10−4 K−1), however high thermal conductivity is an obstacle for an efficient
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modulator design. Previous study showed that porous silicon has reasonably high
thermo-optic coefficient (5× 10−5 K−1 for 60% porosity) [60]. It has possibility to
make efficient thermo-optic modulator coupled with its low thermal conductivity. It
also eliminate complicated design and fabrication process of MOS SOI based silicon
thermo-optic modulator. We are going to use our established waveguide fabrication
and heater patterning techniques to build the device.
5.2.2 Non-contact method to investigate anisotropic thermal prop-
erty
The 3-ω method usually works well for bulk materials or thin film with rela-
tively low thermal conductivity compared to the substrate, and provides accurate
results compared to more classical steady-state heating methods. However it requires
rather large measurement sample (metal strip length is usually several millimeter),
fabrication step for metal strip and reliable electrical contact between sample and
the rest of experimental system. These are problematic constraints for modern mi-
croscale devices with small feature sizes and complicated structures. Micro devices
including cantilevers, micro heaters, bolometers and actuators often use suspended
thin films that are not readily amenable to patterning of large-area electrical con-
tacts. Such devices require reliable characterization of the in-plane thermal con-
ductivity. A solution to the above mentioned problems is to devise a measurement
method that is able to sense the in-plane thermal conductivity directly without fab-
rication of additional heating and sensing structures, and without physical contact
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between the sample and measurement system. A few non-contact thermal property
measurement methods have been investigated, including micro-Raman, photoacous-
tic and thermoreflectance. However they are not capable of measuring in-plane com-
ponent. Transient thermal grating (TTG) [61,62] is a promising optical-heating and
optical-detection method that is able to measure in-plane thermal property directly.
It uses interference fringes by two pump beam as a non-contact heating source and
measure response of probe beam deflected by thermally induced grating on sample
surface. In spite of its advantages including non-contact nature and direct in-plane
measurement capability, TTG has not been widely investigated until today. The
method has been used for measuring thermal conductivity of samples that have
higher in-plane conductivity than cross-plane conductivity such as superlattice [56].
It would be useful if the TTG method can be adapted to characterize the thermal
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